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The formation and spreading of amyloid aggregates from the
presynaptic protein α-synuclein in the brain play central roles in
the pathogenesis of Parkinson’s disease. Here, we use high-
resolution atomic force microscopy to investigate the early oligo-
merization events of α-synuclein with single monomer angstrom
resolution. We identify, visualize, and characterize directly the small-
est elementary unit in the hierarchical assembly of amyloid fibrils,
termed here single-strand protofilaments. We show that protofila-
ments form from the direct molecular assembly of unfolded mono-
meric α-synuclein polypeptide chains. To unravel protofilaments’
internal structure and elastic properties, we manipulated nano-
mechanically these species by atomic force spectroscopy. The single-
molecule scale identification and characterization of the fundamental
unit of amyloid assemblies provide insights into early events
underlying their formation and shed light on opportunities for
therapeutic intervention at the early stages of aberrant protein
self-assembly.
amyloid | protein aggregation | atomic force microscopy | early molecular
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The aggregation of α-synuclein into cross–β-sheet fibrillarstructures plays a central role in the neuropathology of
Parkinson’s disease (PD) and other neurodegenerative diseases
(Synucleinopathies) (1–6). Despite the widespread association of
α-synuclein aggregation with the formation of Lewy bodies, the
brain pathology that characterizes PD, the mechanistic roles of
α-synuclein oligomerization and fibril formation in cell death and
disease onset have remained challenging to identify (7). In par-
ticular, the nature of the specific state(s) of proteins that cause
cytotoxicity is not well established. It is clear, however, that ag-
gregated rather than monomeric forms of α-synuclein are
primarily implicated in α-synuclein–mediated toxicity and
pathology spreading in PD and related Synucleinopathies (3).
The kinetics of α-synuclein aggregation follows a nucleation-
dependent process, where monomers initially aggregate into
oligomeric species leading to the final formation of the amyloid
fibrillar aggregates (8–10). The kinetics and rates of α-synuclein
aggregation, as well as the morphologies of the different aggre-
gates it populates on the pathway to amyloid formation, are
strongly influenced by the experimental conditions used. In
particular, incubation under shaking condition or in the presence
of lipids is known to accelerate the fibril formation process
(4, 11). Increasing evidence suggests that the prefibrillar aggre-
gates, such as oligomers and protofibrils, or the process of
fibrillization, rather than the final mature fibrillar products, are
responsible for α-synuclein toxicity in vivo (12–14).
Although the ability to reproduce α-synuclein fibril formation
in vitro has advanced our understanding of the molecular and
structural determinants of α-synuclein aggregation and pathology
onset, our understanding of early oligomerization events and the
mode and strength of monomer interactions at different stages of
the amyloid pathway remains very limited. For these reasons, the
identification and characterization of aggregation intermediates
on the pathway to α-synuclein amyloid formation is fundamental
to understanding the mechanisms of amyloid formation, identi-
fication of the toxic species, and the development of novel di-
agnostic and therapeutic strategies for PD and related disorders.
Atomic force microscopy (AFM) and single-molecule force
spectroscopy represent important research tools for achieving
quantitative understanding of the mechanism of amyloid for-
mation and characterization of different species on the amyloid
pathway at the single-molecule scale (15–19). Several AFM
studies suggested that many amyloidogenic proteins follow a
hierarchical assembling model in which a certain number of
elongated prefibrillar species with nanometer-size diameters and
micrometer-scale lengths, termed protofilaments, intertwine or
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laterally associate to form the final mature amyloid fibrillar
structures with a typical diameter in the order of 6–13 nm; this
was also the case with α-synuclein (5, 20–26). Previous studies
sought to quantify the structural, nanomechanical properties and
the interaction forces of the protofilaments within mature
amyloid fibrils (15–17). These studies demonstrated how single
aggregate imaging and manipulation methods enable studying
the mechanics and structural dynamics of amyloid inner prop-
erties and formation. However, to date, it has not been possible
to isolate and characterize the earliest elementary units in the
assembly process formed from a single beta-sheet. This difficulty
has originated in large part from their transient nature and their
expected very small dimensions with a thickness corresponding
to a single strand. Thus, our current knowledge of their structural
properties is based primarily on investigating their structure and
morphology when already present within mature fibrils.
Here, we use high-resolution AFM and force spectroscopy to
revisit the pathway of α-synuclein fibril formation, with special
emphasis on early molecular assembly events, to identify and
characterize the elemental protofilament unit leading to the for-
mation of mature fibrillar amyloids. We report the detection and
characterization of the smallest elementary unit in the hierarchical
assembly of amyloid fibrils of α-synuclein, which assembles
directly from unfolded monomers termed here single-strand
protofilaments. These protofilaments possess a subnanometer-
scale cross-sectional diameter which is smaller than previously
observed aggregated species of α-synuclein. Indeed, their sub-
nanometer diameter is smaller than the typical dimensions of
previously observed elongated nonmature aggregated species of
α-synuclein [diameter of about 3–6 nm (5)], much smaller than
the typical dimensions of mature amyloid fibrils (diameter of about
6–13 nm), and have a radius of gyration smaller than an individual
monomer itself (∼3 nm) (5, 24). The application of a scale rea-
soning demonstrates that the single-strand protofilament species
are directly assembled from monomers of α-synuclein, and with a
height corresponding to a single strand. Finally, we performed
atomic force spectroscopy studies to characterize directly the inner
mechanical, structural, and thermodynamical properties of single-
strand protofilaments by means of statistical theory of biopolymers.
We show that when subjected to mechanical dissection, the single-
strand protofilaments unravel into components showing an average
persistence length consistent with the elastic properties of a poly-
mer chain composed of unstructured monomers of α-synuclein, as
predicted by their cross-sectional dimensions.
Results and Discussion
Aggregation of α-Synuclein Proceeds Through Formation of
Protofilament Aggregates. To unravel the process of α-synuclein
fibrillization at the single-molecule scale, we exploited AFM
high-resolution 3D morphology imaging with the deposition of the
negatively charged α-synuclein protein on both an atomically flat
negative mica and on a positively functionalized mica substrate
(mica-APTES) (Fig. 1 and SI Appendix, Fig. S1) (27). We in-
cubated freshly filtered (100 kDa) α-synuclein monomeric solution
in vitro under shaking conditions at 37 °C for 10 d. We collected
an aliquot of the solution at 0, 1, and 10 d, and then we deposited
an aliquot of each sample on the substrate to acquire morphology
maps of the sample by AFM. The sample was monitored in parallel
0
10
20
30
40
 
C
ou
nt
monomers
dimers
Protofilaments
Single
strand
Protofibrils
Fibrils
0 2 4 6 8 10
0
10
20
30
 
C
ou
nt
Height (nm)
0.0 0.4 0.8 1.2
0
10
20
 
C
ou
nt
Single
strand
Double
strand
Dimers
Monomers
Protofibrils
Fibrils
protofilaments higher order aggregates fibrilsmonomers
0.4 nm 0.8 –6 nm 6 –10 nm
Single Strand
cross-section
0.4 nm
Molecular assembly Hierarchical assembly
Double Strand
cross-section
nm
nm
0.0 0.4 0.80.1 μm
Height (nm)
Height (nm)
nm
nm
A
B
C
D
Fig. 1. α-Synuclein fibrillization under shaking con-
ditions. (A–C) Aggregation time course monitored by
high-resolution AFM imaging, detail of the cross-
sectional height of a species and single-molecule statis-
tical analysis, with histogram distributions of the cross-
sectional height of the species observed at (A) 0, (B) 1,
and (C) 10 d (Z scales are in nanometers). (D) Model of
α-synuclein fibril formation showing the (i) initial mo-
lecular assembly leading to the formation of the newly
identified single-strand protofilaments (in light red) and
(ii) subsequent hierarchical assembly leading to the
formation of mature amyloid fibrils. At the bottom, the
typical AFM height of each species is indicated.
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by circular dichroism and thioflavin T to independently confirm the
state of aggregation in bulk, as we previously reported (27, 28).
Before incubation and immediately after the dissolution of
α-synuclein in buffer, only monomers and early oligomers were
present on the surface and no fibrillar species were visible (Fig.
1A and SI Appendix, Fig. S2) (27, 28). A single-molecule statis-
tical analysis revealed that the smallest oligomeric population
had a cross-sectional height of 0.3–0.4 nm (Fig. 1A). The height
of this first population corresponded to the height on a surface of
a monomeric polypeptide chain, as previously measured for an
unfolded or partially folded protein by scanning probe microscopy
(27, 29, 30). Thus, the first oligomeric population corresponded to
monomeric α-synuclein (SI Appendix). In the histogram distribution
of height of the early oligomeric populations, we also observed
another population with double the cross-sectional height of the
monomeric species, which we associated to dimeric species. After
24 h of incubation, we could observe the formation of elongated
protofilaments species having subnanometer-scale diameter and
micrometer-scale length (Fig. 1B). We observed two polymorphs of
the protofilament species. The first species had a cross-sectional
height of 0.3–0.4 nm, corresponding to the height of monomeric
α-synuclein. The second species had a cross-sectional height of 0.7–
0.9 nm, which corresponded to the cross-sectional height of dimers
(Fig. 1 A and B). Remarkably, we reported the observation of
subnanometer fibril-like aggregates of α-synuclein. We termed their
elemental unit, possessing the smallest cross-sectional diameter of a
single monomer (0.3–0.4 nm), as single-strand cross-section proto-
filaments or more easily single-strand protofilaments (Fig. 1B).
Considering that the second polymorphic population had double
the height of single-strand protofilaments, we termed them double-
strand cross-section protofilaments. Finally, after 10 d of incubation,
we observed the formation of higher order aggregates and mature
amyloid fibrils of α-synuclein with height ranging between 4–6 and
6–9 nm, respectively (Fig. 1C). This observation suggested that the
protofilaments species were on-pathway of the formation of mature
fibrils [i.e., height by AFM of 6–9 nm (24)]. As depicted in Fig. 1D,
our results suggested that the early aggregation of α-synuclein
proceeded through the molecular assembly of monomers into the
single-strand protofilaments, which then interact and assemble
hierarchically to form higher order aggregates leading to the forma-
tion of mature amyloid fibrils.
Under shaking conditions, α-synuclein fibrillization occurred
within 10 d, whereas several months of incubation are required to
achieve complete fibrillation of α-synuclein under quiescent con-
ditions (4, 27, 28). To investigate the process of protofilament
formation with higher time resolution, we studied the aggregation
of α-synuclein under quiescent conditions at 37 °C, over a long
period of 181 d (Fig. 2). To avoid any bias for aggregation in our
experimental setup, at each time point, we deposited an aliquot, of
α-synuclein solution aggregated in vitro, on two substrates with the
opposite state of charge: negative bare mica and positive mica-
APTES (SI Appendix, Fig. S3). Analysis of the freshly prepared
α-synuclein samples showed that they contain predominantly mo-
nomeric protein, and some oligomeric species were also observed
(Fig. 2A). In static conditions, protofilament species were first
observed after 2 months (Fig. 2B, 60 d) of incubation in vitro.
Then, they elongated and increased in number and length after
6 months of incubation (Fig. 2C, 181 d). The kinetics of aggregation
was confirmed independently on bare mica and functionalized
mica-APTES substrates (Fig. 2C and SI Appendix, Fig. S3). Fur-
thermore, we independently detected the protofilaments, after
180 d of incubation, by transmission electron microscopy (TEM)
(Fig. 2D). AFM high-resolution imaging enabled observing that the
double-strand protofilaments formed from the association of in-
dividual single-strand protofilaments (Fig. 2E). Similarly to shaking
conditions, a statistical characterization of the cross-sectional di-
mensions of individual protofilament species showed that they
could be separated in two main families according to their AFM
height. The first family was corresponding with the single-strand
protofilaments, with an average height of 0.3–0.4 nm, and the
second family was corresponding with the double-strand proto-
filaments, which had an average height of 0.7–0.8 nm (Fig. 2F). The
slow speed of aggregation in static conditions enabled monitoring,
over a long period of time, the relationship between the height of
monomers and dimers with the height of single- and double-strand
protofilaments (Fig. 2 G–I). Independently from the incubation
time, similarly as observed at time 0 d, the smallest oligomeric
population possessed a cross-sectional height of ∼0.3–0.4 nm, while
the second smallest dimeric population had a cross-sectional height
of ∼0.6–0.9 nm (Fig. 2G). Correspondingly, within the time period
investigated here, the two protofilament families showed identical
cross-sectional height, of ∼0.4 nm and 0.8 nm, respectively. To rule
out any possible effect of the surface of deposition on the mor-
phological properties of the protofilaments, we deposited the
sample solution on the two substrates with the opposite state of
charge, negative mica (Fig. 2H) and positive mica-APTES (Fig. 2I).
The protofilaments showed identical properties on mica and mica-
APTES (SI Appendix, Fig. S3). Thus, the surface of deposition did
not affect the structural properties of the protofilaments.
The AFM imaging combined with a single-molecule statistical
analysis of the average heights of oligomeric and protofilaments
species at different time points (Fig. 2 G–I) demonstrate that a
single-strand protofilament possesses the same cross-sectional
height of a monomer (orange dashed line), whereas a double-
strand protofilament, formed from two single strands interacting,
has the same cross-sectional height of the dimeric population
(red dashed line).
Single-Strand Protofilaments Are Assembled Monomeric Chains. In
both quiescent and shaking incubation conditions, the height of
single-strand protofilaments corresponded to the height of a
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Fig. 2. Slow aggregation in quiescent conditions of monomeric α-synuclein
into protofilament species. AFM image of (A) monomers and oligomers cov-
ering the surface at 0 d, (B) protofilaments after 60 d and (C–E) after 181 d as
observed by (C) AFM and (D) TEM. (E) Detail of intertwining protofilaments.
(F) Single-molecule statistical analysis and histograms of the cross-sectional
height of protofilaments after 181 d. Comparison of the cross-sectional
height of (G) the smallest oligomeric populations, corresponding to mono-
mers and dimers, with the cross-sectional height of protofilaments on (H) bare
mica and (I) mica-APTES as a function of the incubation time in vitro. (Z scales
are in nanometers; error bar is 1 SD.)
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single polypeptide chain. We measured an average height of 0.3–
0.4 nm for both monomers and single-strand protofilaments
(Figs. 1 and 2 and SI Appendix, Fig. S2). The measurement of
height by AFM, in air for a relaxed object on a surface smaller
than a couple of nanometers in height, could be affected by
underestimation (SI Appendix) (31, 32). Thus, we deposited our
protofilament aggregates together with circular DNA, which was
used as an internal ruler for the measurement of the protofila-
ment’s real height (Fig. 3A). Indeed, DNA structure has been
extensively studied and it is universally accepted as a flexible
double helix with a ∼2-nm diameter. AFM measurements of
DNA, in the same scanning conditions as for the protofilament
imaging, showed a measured height of ∼0.8–1 nm (Fig. 3B),
consistent with previous reports (32, 33). Single-strand structures
possessed almost one half of the measured height of DNA
molecules, whereas double-strand protofilaments had nearly the
same height as DNA (Fig. 3B). Supposing that DNA and the
aggregates have a similar geometrical cross-section shape, we could
conclude that the real diameter of single-strand protofilaments was
of ∼0.6–1 nm. The height of single-strand protofilaments was much
smaller than the radius of gyration of a single monomer in globular
conformation (2–3 nm) and of the order of the experimentally
measured height of a single polypeptide chain (30). In addition, the
protofilament species had a much smaller dimension of any
previously observed aggregated species of α-synuclein. In fact,
their subnanometer diameter is smaller than the typical dimensions
of previously observed elongated nonmature (4–6 nm height) and
mature (6–10 nm) amyloid aggregated species of α-synuclein (Fig.
1D) (5, 24). Hence, the subnanometer cross-sectional height of
single-strand protofilaments excluded the possibility that more than
one monomer was present within their cross-section. Besides, the
protofilament’s length, in the order of hundreds of nanometers,
well exceeds the one of a fully extended monomeric chain of
α-synuclein (∼50 nm, 0.35 nm for amino acid). Thus, we concluded
that the protofilaments consisted of assembled polypeptide chains
of monomers of α-synuclein in series.
Nanomechanical Manipulation of Protofilaments by Atomic Force
Spectroscopy. The small cross-sectional diameter of protofilament
species (<1 nm) did not permit the use of the well-established
single-molecule methods, such as AFM-based nanoindentation
and infrared nanospectroscopy, to probe their biophysical
properties at the single-molecule scale (34, 35). For this reason, we
pursued a nanomechanical manipulation of the protofilaments by
means of atomic force spectroscopy (Fig. 4). The tip of our AFM
cantilever was approached against the substrate, where protein
aggregates were deposited. Then, it was retracted and force ex-
tension curves were recorded. The investigation of the spectro-
scopic force response for oligomeric and protofilament species
showed a remarkable difference (SI Appendix, Fig. S4). At time 0 d,
in the force spectra, there was no presence of any complex or
repeatable force response. Conversely, after 181 d of incubation,
highly reproducible multiple force plateaus (Fig. 4 and SI Appen-
dix) forming a staircase-like picture were observed in the force–
distance curves. These constant force-pulling events had a much
longer length (up to 400 nm) than a fully extended α-synuclein
monomeric polypeptide chain (∼50 nm). Therefore, the force
plateaus were due to the presence of the two types of protofila-
ments on our surface, and as in previous studies, we associated the
constant force-pulling events to the detaching of the protofilaments
from the surface (15, 16). We present in Fig. 4A a model of the
simplest possible detachment event from the surface (15–17). Ini-
tially, the AFM tip was approached on the substrate and it was
capable of breaking a protofilament (Fig. 4 A, 1). Indeed, as al-
ready measured and clearly demonstrated in the case of mature
amyloid structures, which are notably stiffer than monomeric
structures, ∼500 pN were already sufficient to break by indentation
the aggregate (36). Then, the tip was moved far from the surface,
and we started pulling the protofilament and detaching it from the
substrate (Fig. 4 A, 2) until the nanomechanical contact is lost (Fig.
4 A, 3). In addition to the detachment of a single protofilament,
several mechanical responses were measured during the process of
protofilaments pulling from the surface (SI Appendix, Figs. S4 and
S5). We focused our attention on the force plateaus (Fig. 4 B–D),
which constituted the majority of the events (89%) compared with
the nonspecific effects (11%). More specifically, we characterized
the force plateau’s length and height distribution. We performed a
statistical analysis of the plateaus’ lengths to prove that force pla-
teaus were shorter than the actual protofilament’s length (SI Ap-
pendix, Fig. S6). The force plateaus possessed an average length of
∼70 nm (Fig. 4E), whereas the protofilaments had a length with an
average value of ∼170 nm (Fig. 4F). Then, to quantify the process
of protofilaments’ detachment from the surface and to obtain an
experimental estimation of the forces involved, we measured the
height of the observed plateau force steps. We measured the force
DNA Single
Strand
Double
strand
0.0
0.2
0.4
0.6
0.8
1.0
H
ei
gh
t [
nm
]
 (25%~75%)
 (25%~75%)
 (25%~75%)
 Mean ± 1 SD
 Median Line
Circular DNA Protofilaments
A B
Fig. 3. Calibration of single-strand protofilament height relative to circular
double-strand DNA. (A) AFM image of protofilaments and circular DNA (Z
scale is in nanometers). (B) Scatter plot and comparison of the height of
circular DNA and protofilaments.
ΔF
2 3
0 100 200 300 400
0
140
Co
un
t
Plateau Length (nm)
0 100 200 300 4000
18
Co
un
t
Protofilament Length (nm)
 Single strand
 Double strand
1
2 3 4
1
2
3 4
A
B C D
E F
Fig. 4. Force responses of manipulated α-synuclein protofilaments. (A) Model
of single protofilament’s pulling and relative force–distance curve. (1) AFM tip
is strongly pressed against a protofilament. (2) The strong pressure causes
polymer breaking and a constant force plateau due to its unzipping from the
surface. (3) Tip–filament contact is lost during the pulling. (4) Tip return to the
initial position. (B) Single force plateau due to the pulling of one protofila-
ment. (C) Double plateau due to the pulling of two protofilaments. (D) Pulling
of four protofilaments. (E) Distribution of the lengths of constant force pulling
events (plateaus). (F) Distribution of the lengths of protofilaments.
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1721220115 Ruggeri et al.
difference ΔF between the average height of a plateau and the
baseline in the force curve (Fig. 4B). A distribution plot of this
quantity showed a multimodal distribution with four peaks and
some more rare higher force events, which we considered gener-
ically as the fifth peak (SI Appendix, Fig. S7A). The force peaks
appeared at integer multiples of a single detachment event value
of ∼50 pN (SI Appendix, Fig. S7B). We could extract an average
quantized value of detachment force from the substrate of 57 ±
7.5 pN (SI Appendix, Fig. S7 C and D). Since single-strand pro-
tofilaments were longer and more abundant than double-strand
ones (Fig. 4F), the pulling or unzipping of double-strand proto-
filaments could bring only a negligible broadening of the force
distribution peaks and could be neglected (SI Appendix).
The quantized values of force plateaus obeyed a linear law,
demonstrating that multiple plateaus were linked to the multiple
detachments of several protofilaments from the surface. A
Monte Carlo simulation of the process, modeling the breaking of
n parallel bonds from the surface, explained to good approxi-
mation the essential features of this quantization and reproduced
the measured experimental values, thus confirming that the
presence of n plateaus was due to the nanomechanical de-
tachment from the surface of n protofilaments in parallel (SI
Appendix, Fig. S7 C and D).
Single-Strand Protofilaments Have Disordered Structural Organization.
Remarkably, we observed two classes of force plateaus. The first
class were flat constant force curves, while the second class were
constant force plateaus with stretching events, which were ob-
served inside or at the border of a plateau (SI Appendix, Fig. 6 A–
C). Thus, after the characterization of the detachment process of
the plateaus, we focused our attention on the plateaus presenting
stretching events.
The quantization of the force plateaus (SI Appendix, Fig. S7)
enabled us to exclude any internal unzipping of the protofilaments;
thus, we concluded that during the pulling the protofilament
species were simply manipulated and detached from the surface.
This observation was in agreement with the above demonstrated
conclusion (Figs. 1–3) that single-strand protofilaments have cross-
sectional dimensions just of the order of the carbon–nitrogen
backbone of a single α-synuclein monomer. The typical value of
the length of the stretching events was of 15 ± 10 nm; the
stretching events were in all cases <40 nm (n = 35) and smaller
than the maximal extension of a single polypeptide chain of
α-synuclein (∼50 nm; 0.35 nm for the amino acid). Thus, we could
associate the stretching events to the elastic deformation of the
carbon–nitrogen backbone of a single monomeric-like chain inside
a protofilament (Fig. 5D). We investigated the nature of the
stretching events by means of the statistical theory of biopolymers
to retrieve the internal mechanical properties of the monomers
within the aggregates (37). By fitting the stretching events with a
worm-like chain model (WLC; see SI Appendix, Eq. S2), we could
determine an internal average persistence length A of the single-
strand protofilaments of A = 0.29 ± 0.16 nm (n = 35). This value
was fully consistent with the persistence length of an unfolded
protein (38). It was also already measured by AFM force spec-
troscopy that, upon similar stretching by AFM, mature amyloid
fibrils formed by the glucagon peptide have an average internal
persistence length of 0.70 ± 0.15 nm (17). Remarkably, the internal
persistence length measured for mature fibrils was more than twice
as big as in the case of the single-strand protofilaments.
Furthermore, we exploited the force curves in Fig. 5 A–C to
measure the thermodynamic free energy change upon stretching
of an α-synuclein monomer within the single-strand protofila-
ments. First, we measured the irreversible work (W) needed to
stretch and deform the polypeptide chain. The integration of the
area below the stretching events enabled us to measure an av-
erage value of W = 350 ± 100 kJ/mol. Then, we calculated the
entropic term of the free energy necessary to separate the ends
of the flexible chain by a distance z, as previously reported in the
literature (37, 39). We obtained an average value of FE = 40 ±
20 kJ/mol. We considered the irreversible work W done on the
system the upper limit of the free energy change of protofila-
ments upon stretching, while we considered the entropic part of
the free energy FE the minimal free energy change upon the
extension of the monomeric chain. Thus, when submitted to ir-
reversible stretching, we could estimate that the free-energy
change of a single-strand protofilament ranges between approxi-
mately F ∼ 40 and 350 kJ/mol. As expected, the irreversible work
done to stretch a monomer is higher than its change of entropic
free-energy FE upon extension. Since the extended conformation
of the polypeptide chain of a monomer does not allow stable hy-
drogen bonding, the irreversible work done to extend the chain can
be likely related to the breaking of intramolecular hydrogen bonds
(30, 40–42). We estimate that the energy to extend the monomeric
chain to break a single hydrogen bond is given by EH =F=n, where
F is the free energy and n the number of intramolecular hydrogen
bonds. For simplicity, we consider the presence of 1 hydrogen bond
for each amino acid (41, 43). For a total free energy of 350 kJ/mol
and a stretching length of 15 nm, we obtained an average estimated
value of the free energy to break a hydrogen bond of EH = 8 ±
2 kJ/mol. This value is in excellent agreement with the reported
value in the literature of the free energy necessary to break
hydrogen bonding in a monomeric protein (44–47). Furthermore,
the measured strength of hydrogen bonding in a monomer within
the protofilament is remarkably smaller than the energy of an in-
termolecular hydrogen bond in amyloid fibrils (∼15–30 kJ/mol)
(48–51).
In conclusion, the single-strand protofilament aggregates do
not possess the typical mechanical and thermodynamic proper-
ties of mature amyloid fibrils and possess a less-rigid structure
arising by the early molecular assembly of unfolded monomers.
Conclusions
In this study, we demonstrate that the early aggregation of
α-synuclein first proceeds through the assembly of monomers into
elongated chain-like aggregates with a cross-section of a single
strand. These aggregated species are composed of a single chain of
monomeric α-synuclein in series (single strand) and possess sub-
nanometer diameter and up to micrometer scale length. Our results
demonstrate that these intermediate species are the smallest
observable elementary unit in the hierarchical assembly of amyloid
fibrils. It is widely accepted that the intermediate products of the
aggregation rather than the final mature fibrillar products could be
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Fig. 5. Characterization internal nanomechanical properties of protofila-
ments through stretching. (A) Constant force plateau with a stretching event
inside, (B) constant force plateau with two stretching events inside, and (C)
force plateau preceded by a stretching event, fitted by the WLC model. (D)
Schematic representation of protofilament internal stretching.
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responsible for α-synuclein toxicity in vivo (8). “Oligomers” is a generic
term to indicate a heterogeneous ensemble of amyloid intermediates,
which are normally depicted as spheroidal or toroidal objects.
Several reports in the literature indicate that size, shape, and
structure of these species are strictly related to their toxicity
(6, 52, 53). The understanding of the early molecular assembly
of α-synuclein and the identification and characterization of a
new elongated oligomeric intermediate is of fundamental impor-
tance, since its different biophysical properties could be related to
different mechanisms of amyloid toxicity in vivo and could offer
new opportunities for developing new therapeutic strategies targeting
the early stages of the assembly process.
We describe an experimental approach that would enable
investigating and comparing the interaction forces of amyloid
aggregates on different surfaces, such as hydrophobic ones.
Unraveling these forces is central to understanding the mechanism
of amyloid fibril formation and its role in the pathogenesis of PD
and Synucleinopathies. Finally, the values obtained for the mo-
lecular interaction forces within and between the protofilaments
shed light on the thermodynamics of the early hierarchical amyloid
assembling process, and could furthermore provide cues to unrav-
eling the fibrillation process at surfaces, such as cell membranes.
Materials and Methods
Detailed information on the experimental methods can be found in the SI
Appendix. α-Synuclein was produced in Escherichia coli and then purified by
previously accepted protocols (54). AFM images and force spectroscopy curves
were realized using a Nanoscope IIIa (Bruker Corp.) and NX10 (Park Systems).
TEM imaging was performed on a Tecnai Spirit BioTWIN electron microscope.
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